
NASA Contractor Report 198388

Conceptual Design of a Vapor Core Reactor

Rocket Engine for Space Propulsion

E.T. Dugan, N.J. Diaz, S.A. Kuras,
S.P. Keshavmurthy, and I. Maya
University of Florida
Gainesville, Florida

April 1996

Prepared for
Lewis Research Center

Under Contract NAS3-26314

National Aeronautics and

Space Administration





Conceptual Design of a Vapor Core Reactor Rocket

Engine for Space Propulsion

ABSTRACT

Neutronic, thermal hydraulic, and thermal mechanical studies have been performed on

an innovative vapor core nuclear reactor concept for space propulsion. The Nuclear Vapor

Thermal Reactor (NVTR) Rocket Engine uses modified-NERVA geometry and systems with

the solid fuel replaced by uranium tetrafluoride vapor.

The use of C-C composite fuel elements in the NVTR leads to a compact reactor with

low critical mass, good power peaking characteristics, an overall negative power coefficient

of reactivity and, hence, good stability, and a propulsion system with high specific impulse.

Thermo-mechanical analysis has shown excellent thermo-mechanical behavior under the high

power density, high temperature NVTR environment.

The NVTR is an intermediate term gas core thermal rocket engine with specific impulse

in the range of 1000-1200 seconds; a thrust of 75,000 lbs. for a hydrogen flow rate of 30 kg/s;

average core exit temperatures of 3100 K to 3400 K; reactor thermal powers of 1400 to 1800

MW; and thrust-to-weight ratios of 5-to-1.
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1.0 INTRODUCTION

Solid core reactorsprovide the path for minimum risk for generating nuclear space

power in the near-term. These reactors can be expected to achieve evolutionary improvements

in their performance based on modest extrapolations of current fuel technology. In contrast,

Gas Core Reactors (GCRs) offer a longer path with extraordinary improvements in

performance, and have the highest potential for reducing overall system specific mass. The

nearest term technology for development of GCRs, offering modest gains over solid core

reactors, is the Nuclear Vapor Thermal Reactor (NVTR).

The NVTR core, shown in Figure 1 in a rocket engine, uses modified-NERVA

geometry and systems with the solid fuel replaced by highly enriched (>85%) uranium

tetrafluoride (UF4) vapor; the cell geometry is changed to achieve neutronic and heat transfer

requirements. The NVTR employs a graphite-moderated reactor and hydrogen propellant to

regeneratively cool the structure and moderator. Studies have been performed both on

epithermal NVTRs using ZrC fuel elements and thermal NVTRs using C-C composite fuel

elements. The NVTR has a heterogeneous core which typically contains a lattice of thousands

of unit cells; each cell consists of moderator, coolant, gaseous fuel, and possibly clad or liner

material to protect the fuel element from the hydrogen and/or gaseous fuel. The NVTR core

is surrounded by BeO and C-C composite reflector regions. In most GCR concepts, neutron

moderation occurs in an external moderator-reflector region; in the NVTR, most moderation
occurs within the core rather than in the external reflector.

In the NVTR, the hydrogen coolant/propellant is maintained at high pressures (10xl06

pascals) and exits the core at 3100 K to 3400 K. In addition to serving as the primary coolant,

the hydrogen propellant also provides some moderation in the NVTR core; however, the

majority of the internal moderation is provided by the graphite. The initial fuel element or fuel

cell design illustrated in Figure 1 shows the ZrC or C-C composite forming a single fuel

channel and multiple coolant channels that carry the hydrogen propellant. Current fuel element

designs employ multiple fuel channels as well as multiple coolant channels. ZrC is compatible

with hydrogen and the coolant channels in this system will not require a protective coating.

The C-C composite, however, will require a liner or protective adhesive coating for the coolant

channels. The best candidate material appears to be lS°HfC, lg°Hf has a thermal neutron

capture cross section that is about eight times lower than that of natural hafnium; natural

hafnium contains about 35% by weight tS°Hf. The ZrC or C-C composite also contains the UF4

fuel gas and a liner or clad may be required to protect the ZrC or C-C composite from the UF4.

Initial compatibility experiments between UF4 and glassy carbon to 2200 K for 2 hours are

encouraging. It is also possible to establish a UFg-CF4 chemical equilibrium system to prevent
free fluorine.

The Heterogeneous Gas Core Reactor (HGCR) was invented by Diaz and Dugan t_l with

a patent issued in 1983 (U.S. Patent, 4,415,525). Previous HGCR studies at the University of

Florida have focused on designs for electrical power generation for both terrestrial

applications t2"31and for space applications t41. In the electrical power generation designs, the

gaseous fuel (either UF 6 or UF4) is mixed with helium and the circulating fuel gas mixture also

serves as the primary coolant. In May 1991, Diaz et al. proposed the NVTR as an intermediate



term gas core thermal rocket engine. In the NVTR, the hydrogen propellant is the primary

coolant and is physically separated from the non-circulating UF 4 fuel gas. This represents a

major departure from previous HGCR designs and consequently, the NVTR unit cell and core

design require a completely new set of neutronic, thermal, and materials analyses and

optimization studies.

2.0 NEUTRONIC ANALYSIS METHODOLOGY

For the NVTR multigroup and few group neutronic calculations, the AMPX system tSl

1D, Sn transport theory XSDRNPM code was used for generating group constants. 123 group

(30 thermal group) unit cell calculations were performed in cylindrical geometry with

XSDRNPM on the NVTR fuel element to generate collapsed group cross sections. The

XSDRNPM unit cell calculations also provided core 1% values. However, because of the large

neutron mean free path in the UF 4 fuel gas region, perpendicular leakage effects cannot be

accounted for by means of conventional buckling type corrections and the 1D XSDRNPM 1%

values are found to be in significant error (-10% Ak/k) when compared with results from DOT-

4 t61, 2D Sn transport theory and MCNP IT] 3D, Monte Carlo calculations. Typical atom densities

used in the NVTR analysis are found in Table 1.

Neutron multiplication factor (lqfr) calculations were performed on the NVTR using

XSDRNPM, DOT4, and MCNP in one, two, and three dimensions, respectively. The

XSDRNPM and DOT4 k_fr calculations employed the collapsed or homogenized group

constants from the XSDRNPM unit cell runs. The MCNP calculations used a continuous

energy analysis on the actual geometry. Because of the above mentioned difficulty in treating

perpendicular leakage effects, the 1D XSDRNPM reactor calculations were performed on an

"equivalent" spherical configuration with the same volume core and same thickness reflector

as the actual cylindrical system. For nearly "square" cylinders (core diameter = core height

or aspect ratio near unity), the XSDRNPM l%fr is in error by only about 1% to 2% as compared

to 2D DOT4 results. For aspect ratios less than 0.5 or greater than 2.0, the error in the kcff

value from the "equivalent" sphere approximation becomes significant and is not used.

NVTRs using ZrC fuel elements are epithermal reactors with only 40 to 60% of the

fissions occurring in the thermal energy range (see Table 2). For a given core size and

reflector thickness, the lqfr depends on both the selected unit fuel cell dimensions and the UF 4

pressure. However, for this epithermal NVTR it has been found that the k_tr variation can

essentially be reduced to a dependence on a single quantity, the fuel-to-moderator (F/M) atom

ratio. Thus, different combinations of cell dimensions and UF4 pressures that yield the same

F/M ratio yield essentially the same l%fr and lqfr is found to continuously increase with

increasing F/M ratio. As a consequence, optimized cell dimensions are dictated largely by

thermal mechanical and thermal hydraulic rather than by neutronic considerations.

NVTRs using C-C composite fuel elements are thermal reactors in which typically 85%

or more of the fissions occur in the thermal energy range (see Table 2). Unlike for the ZrC

systems, neutronic optimization of the unit fuel cell is an important consideration when

selecting overall, optimized cell dimensions. Because of the additional degree of freedom



associatedwith the vaporfuel density,unit cell neutronicoptimizationfor this reactoris more
complex than for conventionalsolid fuel, thermal reactors. To start the unit cell neutronic
optimization process,a convenient fuel element flat-to-flat distance(FFD) or "equivalent"
cylindrical cell outerradius is chosenfor a fixed fuel radius,rf. TheUF4pressureis varied and
lqff is plotted versusUF4pressure. Following a steadyincreasein k_fr with pressure,the curve
"saturates"andincreasesin UF4pressurebeyondthesaturationpoint yield diminishingly small
gains in lgff.

After selectingapressurethat isusually somewhatbelow the saturationpoint, rf is fixed
and FFD is varied. A plot of k_ffversusFFD, or versusthe corresponding(F/M) atom ratio,
showsapeak valueof k,fr for some F/M value. An F/M value is then selected that is near the

optimum, but representative of a slightly overmoderated system. For this fixed F/M, rf is then

varied and k,fr is plotted versus the fuel region radius. This curve also exhibits a peak, but

selection of the final cell dimensions must include manufacturing, thermal hydraulic, and

thermal mechanical, as well as neutronic considerations.

3.0 NEUTRONIC ANALYSIS RESULTS

Analysis of the ZrC-moderated NVTR led to the selection of a unit fuel cell that has

a central UF 4 vapor channel radius of 1.1 cm, 32 hydrogen coolant/propellant channels each

with a diameter of 0.14 cm, and an FFD for the hexagonal element of 3.3 cm (see Figure 1).

Volume fractions for UF 4 vapor fuel, ZrC moderator, and hydrogen propellant in the fuel

element are 0.40, 0.55 and 0.05, respectively. The UF4 and hydrogen are both at a pressure

of 10 7 pascals (- 100 atmospheres) and have core average temperatures of--4500 K and -1700

K, respectively. This yields an F/M ratio of4xl0 3. Figure 2 shows k_ff versus F/M ratio for
the ZrC-moderated NVTR.

A 75 klbf thrust NVTR core based on ZrC moderation contains almost 4000 fuel

elements and has a radius of 120 cm and a height of 150 cm. The large size of this core is

dictated by thermal rather than neutronic considerations. The ZrC heat flux limit of 333 W/cm 2

requires a large surface area and, hence, a large core to achieve the approximately 1800 MW

needed for a 75 klb thrust NVTR. By coincidence, this particular core size corresponds to a

value where kerr essentially begins to saturate (see Figure 3). That is, for the given fuel

element configuration and UF 4 pressure, further increases in core size yield very small

increases in k_ff. Criticality can easily be achieved with much smaller cores; for example, with

R=60 cm and H=120 cm and a core volume that is about five times smaller. However, the

ZrC heat flux limit restricts the power in such a core to around 360 MW.

Neutronic analysis has shown that comparatively little increase in neutron multiplication

factor (l%ff) occurs for BeO reflector thicknesses beyond 30 to 40 cm (see Figure 4). For the

ZrC-moderated NVTR both the radial BeO reflector and top axial BeO reflector have a

thickness of 30 cm; the bottom axial reflector is a 30 cm thick C-C composite.

Reactivity coefficients have been obtained for the ZrC NVTR. The fuel temperature

coefficient is very small and negative with a value of-2xl0 7 Ak/k per K. The hydrogen
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pressurecoefficient is of moderate size and positive with a value of 4.5x10 4 Ak/k per

atmosphere. The graphite moderator temperature coefficient of reactivity is small and positive
with a value of 2.0x10 "6 Ak/k per K while the BeO reflector temperature coefficient of

reactivity is moderate and positive with a value of 2x10 "5 Ak/k per K. Finally, the hydrogen

coolant temperature coefficient of reactivity is small and positive with a value of 2x10 7 Ak/k

per K. (Typical coefficients of reactivity for the ZrC-moderated NVTR are summarized in

Table 3). Thus, the overall power coefficient of reactivity for the ZrC NVTR is positive and

this leads to an inherently unstable reactor. In going from cold, zero power to hot, full power

this system is expected to undergo a reactivity increase of about 0.01 Ak/k.

The positive moderator and reflector temperature coefficients of reactivity for the ZrC

NVTR are a consequence of the epithermal character of this reactor. The hard spectrum is also

responsible for the relatively large critical mass of 175 kg for the reference ZrC-moderated

NVTR. Thus, it is concluded that the ZrC-moderated NVTR possesses some very undesirable

characteristics, namely its relatively large critical mass, large size (and hence, rather

disappointing thrust-to-weight ratio of about 1 to 2), and its positive power coefficient of

reactivity. The C-C composite based core described below eliminates most of the problems

and offers enhanced performance.

Figure 5 shows lqf r versus F/M ratio (or versus FFD) for an NVTR with C-C composite

fuel elements. A peak in the kar clearly occurs at an F/M value of about 3x10 "4. This behavior

is quite different from that shown in Figure 2 for the ZrC system where l%fr increases

continuously with increasing F/M. The first calculations performed on an NVTR using fuel

elements made of C-C composite were for elements that included only a single fuel channel.

The fuel channel radius was 0.55 cm and there were 32 coolant channels per element, each

with a diameter of 0.096 cm; the element FFD was 2 cm. The 1800 MW core contained 7900

elements and had core dimensions of R=95 cm and H=150 cm with BeO reflector thicknesses

of 15 cm. The thrust-to-weight ratio for this system was 2 and the critical mass was 40 kg.

In an effort to enhance the heat removal capabilities and reduce the reactor size, the C-C

composite fuel elements were modified to include multiple fuel channels (see Figure 6).

Current configurations include fuel elements with an FFD of-2 to 3 cm and with from 12 to

32 fuel channels and a like range of coolant channels. From 2000 to 4000 of these elements

are required for 1800 MW cores with dimensions of R=50 to 70 cm and I-I=150 cm. The

critical mass is around 15 kg and thrust-to-weight ratios are in the range of 4 or 5-to-1.

Preliminary calculations show that both the moderator and reflector temperature

coefficients of reactivity are negative for this C-C composite, thermal NVTR. The moderator

temperature coefficient of reactivity, for example, has a value of about -1.5x10 "5 Ak/k per K.

The overall power coefficient of reactivity is negative, the system is inherently stable, and in

going from cold, zero power to hot, full power, the NVTR reactivity now decreases by about

0.02 Ak/k. Typical coefficients of reactivity for the C-C composite moderated NVTR are

presented in Table 4. The focus of NVTR studies is now the multiple fuel channel, C-C

composite fuel element which leads to a compact reactor with a negative power coefficient of

reactivity, a low critical mass and high thrust-to-weight ratios. Calculations performed on the

C-C composite NVTR have included a 3 mil _8°HfC protective liner for the hydrogen coolant

channels.



Powerdensitydistributioncalculationsfor theNVTR wereperformedin two dimensions
with the DOT4 Sntransporttheorycodeandin threedimensionswith the MCNP Monte Carlo
transport code. For the epithermal,ZrC-moderatedNVTR the inherentaxial power peaking
factor (PPF) was 4.3 (seeFigure 7). This large PPF leadsto undesirableaxial temperature
profiles, including excessivewall temperaturesat the core exit. For the thermal, C-C
composite-moderatedNVTR the inherentaxial PPFwassignificantly lower at 2.9(seeFigures
8 and 9).

For both of theseNVTRs, the radial andaxial reflectors were BeO. An analysis of the

flux distributions indicated that large differences in the neutronic properties of BeO and the

adjacent graphite-moderated core region (either ZrC or C-C composite) was a significant

contributor to the high power peaking. Thus, in the top axial reflector the first 10 cm of BeO

adjacent to the core was replaced by C-C composite to provide a "buffer" (or better neutronic

transition) between the core and the remaining 20 cm of BeO reflector. The bottom axial BeO

reflector was completely replaced by C-C composite; although neutronically 10 cm of C-C

followed by 20 cm of BeO is more desirable, the high temperatures at the core exit preclude

the use of BeO. For the ZrC NVTR, the indicated axial reflector changes reduced the axial

PPF from 4.3 to 2.3. For the C-C composite NVTR, these axial reflector changes reduced the
axial PPF from 2.9 to 1.6. Calculations have shown that the 1.6 axial PPF in the C-C NVTR

yields acceptable axial temperature profiles and wall temperatures at the core exit (see Figure

10).

The inherent radial PPF in the ZrC NVTR was 4.2; the corresponding value in the C-C

NVTR was 3.3. For the C-C NVTR, the radial PPF is easily reduced by employing lower fuel

loadings in the fuel elements on the core periphery (where the thermal flux peaks) as compared

to the loadings in the central fuel elements. For example, the fuel elements in the outer 10 cm

of the reference C-C NVTR core (core radius of 50 cm) were loaded with 60 arm of UF 4 and
40 arm of He while the fuel elements in the inner 40 cm of the core were maintained at the

nominal 100 atm UF 4 loading. This change reduced the radial PPF from 3.3 to 1.6 for the C-C

NVTR. The 1.6 radial PPF leads to good radial temperature distributions. The cost of this

reduced fuel loading in the peripheral elements is a 14% overall reduction in UF 4 relative to

the case where all elements are at the nominal UF 4 loading of 100 arm. This reduction does

not pose any concerns with regard to criticality for the C-C NVTR. The reactivity loss is

easily compensated for by small increases (-5%) in the core size, fuel enrichment, or nominal

fuel operating pressures.

Typical reactor characteristics for the ZrC-moderated and C-C composite moderated
NVTRs are summarized in Table 5.

4.0 THERMO-MECHANICAL ANALYSIS

Thermo-mechanical studies carried out at Los Alamos on a solid fuel Rover reactor

indicate that the stress in the fuel element material limits the power density achievable in the

reactor. It was also concluded that most of the fuel failures were due to damage of the



protective coating on the coolant channel surface and subsequent migration of hydrogen into

the graphite matrixfl I The fuel element structural material in the NVTR is exposed to high

temperatures at the fuel and coolant channels. The difference in temperature between the
coolant channel surface and the fuel channel surface leads to thermal stress in this structural

material that has to be maintained below a certain limiting value to ensure the integrity of the

coating and the structural material.

In view of this susceptibility of the fuel element to failure and to maximize power

density, thermo-mechanical studies were performed on NVTR fuel elements. Two-dimensional

finite element analyses (FEM) have been carried out on NVTR fuel elements to evaluate and

improve the fuel element design so that higher power density can be achieved.

Thermo-mechanical calculations were performed on the NVTR fuel elements using the

ANSYS 4.4 finite element code tgJ. ANSYS can handle both 2-D and 3-D thermal and stress

analyses. The first calculations were performed on the original ZrC fuel element containing

a single fuel channel (see Figure 1). The fuel channel radius was 1.0865 cm and the fuel
element fiat-to-fiat distance was 3.272 cm. The fuel element contained 32 coolant channels,

each with a diameter of 0.142 cm. Coolant channel-to-coolant channel web thickness was 0.15

cm and coolant channel-to-fuel channel web thickness was 0.04 cm. For a fuel heat generation

rate of 800 w/cc, hydrogen exit temperatures of 3100 K, and maximum exit wall temperatures

of 3300 K, the maximum thermal stress was calculated as 54.5 MPa. At 2900 K the ZrC

fracture stress is only about 31 MPa. At 2000 K, the ZrC fracture stress is about 50 MPa.

Obviously, operation at temperatures of 3000 K or above is not possible with such ZrC

elements and even operation at 2000 K will require the use of carefully designed multiple fuel

channel elements. In addition to poor thermal mechanical performance, as indicated above, the

use of Zr-C fuel elements introduces a number of other serious problems. These include

relatively large critical mass because of the epithermal neutron spectrum, a physically large

reactor with poor specific impulse, poor power peaking distributions, and an overall positive

power coefficient of reactivity.

Calculations were performed next on multiple fuel channel elements. The following

fuel element designs were examined:

. Two designs (Designs I and II) with alternate rings of fuel and coolant channels

(see Figure 6) with Design II having a larger number of smaller fuel and coolant

channels than Design I;

. A design using a square lattice (Design III), in which each fuel channel is

surrounded by four coolant channels and vice versa.

The analyses employ four-noded isoparamelric thermal elements and plain strain

elements for the thermal and stress analyses, respectively. These analyses are carried out at

the mid-section of the core. A 1/12th symmetry is considered for the first two designs and a

square lattice with four coolant channels and one fuel channel is considered for the third

design.

Uniform volumetric heat generation is assumed in the fuel channel. A coolant
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temperatureof 3000 K and a constantwall-to-coolantheat transfer coefficient are used as
boundaryconditions for the thermalanalyses.Symmetricdisplacementconstraintshavebeen
imposed at the boundariesfor the stressanalyses. The three fuel element designs were
analyzedfor a fuel volumetric heatgenerationrateof 6550w/cc. The fuel elementgeometry
designparametersconsideredfor thesestudiesare presentedin Table 6. The temperatures
generatedby thermal analyseshavebeenusedasinput for the stressanalysis.

For comparison purposes, graphite, zirconium carbide and carbon-carbon (C-C)
compositewere selectedasmaterialsfor thefuel elementstructure. Thepropertiesof graphite
usedin the analysesarethe sameasthosereportedin Reference10. Zirconium carbideE1_]and
carbon-carboncompositepropertiesasreportedin the literature[m3'_41 are used. The properties

of C-C composite vary based on the type of preform and the type of manufacturing process.

Thus, there is wide range in the properties of C-C composites. To overcome this difficulty,

the most probable values of the relevant properties are selected and used for the analyses.

Some properties used for these parametric studies are presented in Table 7. A reference

temperature of 3000 K is applied for the evaluation of fuel element structural material

properties.

The FEM analyses generate the temperature, component stress and principal stress at

the nodes. Stress intensity is used as a parameter for optimization studies.

The temperature distributions in the three fuel element designs for the case in which

graphite is the fuel element structural material are presented in Figure 11. The temperature

distribution is strongly dependent on the arrangement of fuel and coolant channels. In the first

design, the peak temperatures were observed to occur in the web region between the fuel

channels. The peak temperature in the second design occurs at the first ring of fuel channels.

In the third design, the peak temperatures are symmetric and the temperature distribution is

relatively uniform around the fuel and the coolant channels. The maximum temperatures and

the heat fluxes for the three designs in which graphite is the structural material are presented

in Table 8.

The stress contours for the three designs for the case in which graphite is the fuel

element structural material are presented in Figure 12. Stress values were found to be strongly

dependent on the temperature distribution in the fuel element. In the first design the maximum

stress is observed at the web region between the coolant and the fuel channel and it occurs on

the surface of the coolant and the fuel channels. In Design II the maximum stress is observed

in the web region between the second ring fuel channels. The stress intensity in Design II is

the highest of the three designs. The square lattice design (Design III) gives a lower stress in

the fuel element material than the annular fuel/coolant channel designs (Design I and II). The

stresses in Design III are within the graphite strength limit. However, if a factor of safety on

the allowable stress is considered, then all three designs do not meet the limiting stress criterion

for graphite.

The stress intensity and the maximum temperature obtained for Design III fuel elements

using graphite, zirconium carbide and C-C composite are compared in Table 9. A 80 lam thick

hafnium carbide protective coating on the coolant channel surface is also included for these

calculations. The stress level in the C-C composite material is much lower than the strength.
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The excellent behavior of this material is due to its lower coefficient of thermal expansion
(CTE) and relatively lower Young's modulus. The stress in C-C composite is lower than its

strength even at a power density of 12000 w/cc as seen in Figure 13. The stress intensity at

the interface between the C-C composite and the HfC coating is about three times higher than

the stress in the C-C composite; however, it is still much lower than the strength of the HfC

coating material. Thus, thermal stress is not a limitation for achieving high power density in

the high temperature NVTR when fuel elements are employed using C-C composite for the

structural material.

5.0 SUMMARY AND CONCLUSIONS

The use of C-C composite fuel elements in the NVTR leads to a compact reactor with

low critical mass, good power peaking characteristics, an overall negative power coefficient

of reactivity and, hence, good stability, and a propulsion system with high specific impulse.

Thermo-mechanical analysis has shown excellent thermo-mechanical behavior under the high

power density, high temperature NVTR environment.

Thermal analyses and engine balance calculations on the NVTR have been performed

in cooperation with Rocketdyne Division, Rockwell International. The NVTR core is

integrated into an 75 k lbr engine design using an expander cycle and dual turbopumps as

shown in Figure 14. The assumptions used in the analysis and system balance are shown in

Table 10. Thermal analysis performed by the University of Florida [151for the fuel element has

included heat transfer in fissioning gases via molecular and electron thermal conduction,

radiative heat transfer, and energy transport by fission fragments. For an exit coolant

(propellant) temperature of 3100 K, the maximum moderator temperature is 3300 K. Within

the fuel channel, the exit fuel gas temperature rises rapidly from 3300 K at the wall up to a

centerline value of about 4600 K (see Figure 10). The fuel centerline peak temperature is a

function of the photon absorption cross section and was estimated for UF 4 from data available

for uranium and UF 6. With hydrogen at 10xl06 pascals and a nozzle expansion ratio of 1:500,

a specific impulse of 1000 s can be attained. The hydrogen pressure drop across the core is

from 20 to 200 psi, depending upon the selected number and size of coolant channels

employed in the fuel element design. The thrust is 75,000 lbs. with a hydrogen flow rate of

30 kg/s and a reactor thermal power of 1800 MW. Typical NVTR design and performance

parameters are summarized in Figure 15.

A significant technology development opportunity is afforded by the NVTR. The

NVTR concept has the characteristic that it is based on modest extrapolations of technology,

yet it is a gas/vapor core reactor. It shares some GCR critical issues, such as criticality and

reactor control, fuel mobility and handling, radiative heat transfer, and high temperature

materials compatibility. It presents the opportunity to address GCR issues within a framework

through which advances in technology can be incorporated, and experience gained, in a small

stepwise manner. In addition to the incremental approach to technology development, the

NVTR offers another advantage in the initial cost of development. Since the fuel for the

NVTR is readily available, the initial efforts will not require major expenditures in fuel

development. This affords an opportunity to develop technology supporting a nuclear concept

8



wherein the bulk of the technologydevelopedwill be applicableto and draw from parallel
efforts in relatedfields that arenon-nuclearin nature,for example,compositematerialanalysis,
design,and fabrication. The costsof the initial researchwill thus not haveto bear the extra
cost associatedwith nuclear componentdevelopmentand furthermore,will be borne by a
variety of programs,minimizing the cost to eachother.
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Table 1. Typical NVTR Atom Densities

NU235 = 1.835x102°
NF19 = 7.34x102°

NH = 7.34x102°

NZr = 3.9x1022
NC12 = 3.9x1022

NCl2 = 8.5x102_

NBo = 7.2x1022
NOt6 = 7.2x1022

Atoms/cc
Atoms/cc

Atoms/cc

Atoms/cc
Atoms/cc

Atoms/cc

Atoms/cc
Atoms/cc

UF 4 gas at 100 atm and 4000 K

H gas at 100 atm and 2000 K

ZrC at 2000 K

C-C composite at 2000 K

BeO at 1200 K

Table 2. Percentage of Fissions By

Energy for Reference NVTR's

Energy Range

15 MeV to 0.821 MeV

0.82 MeV to 5.53 keV

5.53 keV to 1.86 eV

< 1.86 eV

Percent Fissions

in ZrC NVTR

1.5

10.3

45.0

43.2

Percent Fissions

in C-C NVTR

0.2

0.8

12.2

86.8
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Table 3. Reactivity Coefficients for
ZrC-Moderated NVTR

o_U233(T)

o:H(P)

o_Cl2(T)

o_H(T)

o_B_°(T)

-2x10 "7 Ak/k per °K

+4.9x10 "4 zXk/k per atm

+2x10 6 Ak/k per °K

+2x 10 7 _¢Jk per °K

+2x10 "5 z_ddk per °K

(300 K to3000 K)

(0 to 100 atm)

(800 K to 1600 K)

(300 K to3000 K)

(600 K to 1200K)

Table 4. Reactivity Coefficients for

C-C Composite Moderated NVTR

ctu233(T)

o_H(P)

_cI2(T)

_xH(T)

o_BC°(T)

-2xl0-TAk/kper°K

+4.9xl0_Ak/kper atm

-5x10 5 &k/kper °K

+2x10 7 Ak/kper °K

-5xl0-SzXk/kper°K

(300 K to 3000 K)

(0 to 100 atm)

(800 K to 1600 K)

(300 K to 3000 K)

(600 K to 1200 K)
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Table 5. Typical NVTR ReactorCharacteristics

Core Size
R (m)
S (m)
Vol (m3)

Critical Mass
U233(kg)

Power Coefficient of
Reactivity

Maximum Axial PPF

q" (W/cm2)

Thrust-to-WeightRatio

ZrC
Moderated

NVTR

1.2
1.3
5.9

175

-4-

2.2

-300

C-C

Moderated

NVTR

0.5

1.5

1.2

30

1.5

-600

-5

Table 6. Fuel Element Design Variables for
Thermo-Mechanical Studies

Type of

Design

Number of

Coolant

Channels

Number

of Fuel

Channels

Coolant

Channel

Diameter

(cm)

Fuel

Channel

Diameter

(cm)

Element

Fiat-to-

Flat

Size

(cm)

Lmin a

DESIGN-I 24 13 0.268 0.364 3.9317 0.2559

DESIGN-II 43 24 0.200 0.267 3.9317 0.208

DESIGN-III 83 64 0.144 0.16 4.9736 0.243

_Minimum distance between fuel and coolant channels in cm.
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Be Flow
Distributor

Plate &
Reflector

Shield Dome
Plenum

Reflector
Outlet

Plenum

Reflector

C-C Bottom

Plate &
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I

Lateral

Nozzle

Chamber
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\ ¢ I_e,
Plenum

Typical Sino_le Fuel Channel
Fuei'Element

Flow

Nozzle Torus

Fig. 1. Side view of conceptual nuclear vapor thermal rocket engine.
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Fig. 9. Axial power density profiles at different radial

positions in C-C composite - moderated NVTR.
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Fig. 10. Axial temperature profiles near core centerline for
C-C composite - moderated NVTR.
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Design I

MX

3014 _ 3121
3030 _ 3131
3046 _ 3141
3063 m 3151

mm 3079 m 3161
3095 _ 3171

r"-I 3111 _ 3182
3128 _ 3192
3144 I_ 3202
3160 3212 Design H

_e_.j 32243226

32283231

3241
3243

Fig. 11. Temperature distribution in the three
element designs (K).

fuel

Design In
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Design I

56.825
84.832
112.839
140.847
168.854
196.862

r"--I 224.869
252.876
268.884
308.891

96.156
129.761
163.356

m 196.951
mBIB 230.547

254.142
297.737
331.332
364.928
398.523

Design II

m

r_

2.506
30.169
57.833
85.496
113.159
140.822
168.486
196.149
223.812
251.476

Design IH

Fig. 12. Stress distribution in the three fuel element
designs (units are .0.9807e5 Pa).
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Nozzle Area Ratio
Fuel Pressure
Average Fuel Temperature
Maximum Element Heat Flux
Nominal Element Length
Fuel Volume Fraction
Coolant Volume Fraction
Moderator Volume Fraction
Fuel Element Power
Element Heat Transfer Area
Reactor Core L/D
Fuel Channel Diameter
Fuel Channel Sectional Area
Total Fuel Channel Area Per Element
Fuel Element Sectional Area

Element Diameter (across flats)
Coolant Channel Diameter
Coolant Channel Sectional Area
Total Coolant Channel Area Per Ele.
Core Volume
Core Power Density
Fuel Element Mass, Total
Forward Reflector Moss
Aft Reflector Mass
Radial Reflector Mass
Radiation Shield Mass
Total Reactor Mass

Misc. Engine Components Mass
Total Engine Mass
Engine F/W

5OO
100 atm
4000K
420 W/cm 2
150cm
0.15
0.15
0.70
0.9 MWt
2141 cm 2
1.5
0.142 cm
0.o158cm2
0.505 an 2
3.464cn_
2.2 crn
0.142 cm
0.0158 cm 2
0.505 cm 2
1.2n9
1500 MW/m 3
1.35 MT
0.60 MI"
0.51 MT
2.47 MT
0.90 MT
5.83 MT
0.9 MT
6.83 MT
5.0

NVTR
Cross Section

Fig. 15. Typical NVTR engine parameters.
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